ABSTRACT. We used correlation and path coefficient analysis based on an ontogenetic approach to develop selection criteria in barley (Hordeum vulgare L.) for an early production system in Ethiopia. A total of 100 genotypes using 10 x 10-simple lattices with two replications were used to perform the experiment at Ambo and Asasa. The combined analysis of the measured traits showed significant differences among genotypes for all traits. A positive correlation was observed between grain yield and spike/m 2 , kernel number/spike, and 1000-kernel weight. The path analysis showed that spike/m 2 , 1000-kernel weight, and kernel number per spike had significant positive direct effects on grain yield, which shows that these traits can be used as selection criteria to improve grain yield. The significant positive correlation of spike/ m 2 , 1000-kernel weight, and grain-filling period and the positive direct effect on grain yield indicated the potential of these traits as indirect selection criteria to improve grain yield in the early production system in Ethiopia. This study also showed that the path coefficient analysis based on an ontogenetic model was efficient and produced results that can be interpreted clearly.
INTRODUCTION
Barley (Hordeum vulgare L.) is one of the most important cereal crops in Ethiopia and is used as malt and food. Barley is grown from low land (1500 m above sea level) to high land (3000 m above sea level) regions of Ethiopia (Lakew et al., 1996) . Barley is also one of the principal cereal crops in the mid altitude and early production system of the country (Abay and Bjørnstad, 2009 ). Most of the farmers in these areas use their own landrace because of the absence of barley cultivars released from research institutes.
The objective of barley breeders in these areas is to develop barley cultivars that are well-adapted, high yielding, and suit the early production system of the region that is frequently affected by terminal moisture stress. To develop cultivars that are suitable for these areas, it is important to design appropriate selection criteria that can increase the efficiency of selection in the target environment. Smith et al. (1990) and Ceccarelli and Grando (1991) showed the importance of selecting genotypes in the target environment if the objective is to develop cultivars for a stress environment. Developing an efficient selection method required the study of yield component associations and their influence on grain yield. At this point, correlation and path coefficient analysis can be used to understand the inter-relationships among yield components and the direct and indirect effects of yield components on grain yield.
The importance of the correlation coefficient in designing an effective breeding strategy was presented by Johnson et al. (1955) and Ariyo et al. (1987) . The correlation coefficient analysis among yield components and grain yield was used to develop selection criteria for barley (Mandal and Dana, 1993; El-Hennawy, 1997; Sajeda et al., 1997; Shami et al., 1997) .
However, the number of independent variables affecting the dependent variable increased, the correlation coefficient alone cannot explain the direct and indirect effects of each component on the dependent variable (yield) (Bhatt, 1973) . However, path analysis, which was first presented by Wright (1934) and elaborated by Li (1976) , can be employed and was used by different authors to develop selection criteria in different crops; this method proved to be efficient in determining the direct and indirect effects of the independent variable on the dependent variable. Dewey and Lu (1959) used correlation and path analysis to develop selection criteria that considered bidirectional relationships among yield components without considering the ontogenetic plant development. Based on this assumption, Mandal and Dana (1993) , El-Hennawy (1997) , Sajeda et al. (1997) , Naik et al. (1998), and Singh et al. (1998) used path analysis in barley. The use of bidirectional relationships among yield components has some drawbacks because it does not consider the ontogenetic plant development concept that the trait that develops in the later stage of plant development cannot affect the trait that develops earlier.
Recently, an alternative method of path analysis has been used frequently to determine the different levels of paths in a path analysis model that uses a sequential stepwise regression method. In this method, the order of the independent variables that affect the dependent variable was determined based on the percentage of variability that was explained by the independent variables without considering the ontogenetic plant development as presented by Zadoks et al. (1974) and the cause and effect relationships among traits (Wright, 1934; Li, 1976; Kozak and Azevedo, 2011) . In this method, the independent variable explains more variability in the dependent variable that is considered as the first order, the variable that explains less variability is considered as the last-order variable. This method only considers the statistical property of the method and does not consider the stage of plant development or the biological aspect of plant development. The drawback of using a sequential stepwise regression model for variable selection to build the sequential path analysis model was explained in detail by Kozak and Azevedo (2011) . Mohammadi et al. (2003) and Maleki et al. (2011) used sequential regression to define the path analysis model that contradicted the basic assumption of path analysis, which is only used to test the fit of the assumed model and not to produce it (Wright, 1934; Li, 1976) . Li (1976) emphasized the requirement of determining the cause and effect relationships among variables based on prior evidence to employ path analysis, and this cannot be used to generate a hypothesis.
This showed the importance of developing cause and effect relationships among yield components to employ path analysis. Therefore, the path analysis model considering the sequential ontogenetic plant development of yield components meets this objective and shows the cause and effect relationship among yield components (Zadoks et al., 1974) . Based on this assumption, Dofing and Knight (1992) compared the bidirectional association of yield components (Dewey and Lu, 1959) and the sequential ontogenetic plant development (Zadoks et al., 1974) approach to select the best model that explains the relationship; they concluded that the sequential ontogenetic approach better explained the path analysis model. In this study, they found that spike/m 2 , kernel weight, and kernel number/spike had positive direct effects on grain yield and can be used as selection criteria in the breeding of spring barley. Deniz et al. (2009) also used ontogenetic path coefficient analysis to determine the direct and indirect effect of yield components on grain yield in spring barley. Similarly, García del Moral et al. (2003) used ontogenetic-based path analysis in wheat to identify the appropriate selection criteria in Spain.
Based on our knowledge, this type of information is not available in barley in Ethiopia, especially in the early production system of the country. This shows the importance of developing appropriate selection criteria using an ontogenetic path analysis model for this crop in the early production system to improve the selection efficiency and consequently increase productivity. The lack of this information will hinder the efficiency of developing genotypes that are well adapted to the specific environment, which suffers from terminal moisture stress.
Therefore, the objective of this study is to develop selection criteria based on sequential ontogenetic path coefficient analysis in barley (H. vulgare L.) to improve grain yield in the early production system of the country. 
MATERIAL AND METHODS

Plant materials
One hundred barley genotypes [65 from the International Center for Agricultural Research in the Dry Areas (ICARDA) barley-breeding program and 35 landrace lines developed by the National Barley Improvement program of the country] that were developed for midaltitude and low-moisture areas were evaluated in this study.
Experimental design and test locations
The 100 genotypes described above were planted in two locations, Asasa and Ambo, which represent the mid-altitude areas of the country in the 2000-2001 crop season. Asasa lies at 7°7ꞌN, 39°11ꞌE and is located at an altitude of 2300 m above sea level. The long-term annual rainfall mean is 600 mm. The annual minimum and maximum temperature is 5.4 and 24°C, respectively. The Ambo Plant Protection Research Center lies at 08°57ꞌN, 38°7ꞌE and is located at an altitude of 2200 m above sea level. The long-term annual rainfall mean is 740 mm. The long-term annual maximum and minimum temperature is 25.6 and 10.3°C, respectively. The experiment had a 10 x 10-simple lattice design with two replications and a plot size of 1.2 x 2.5 m with 20 cm between rows. The grain yield/m 2 and yield component measurements were taken from the four central rows of each plot. Seed and fertilizer rates were used as recommended for the experimental sites. At Asasa, 18 kg/ha N and 46 kg/ha P 2 O 5 were applied, while at Ambo, 20 kg/ha N and 55 kg/ha P 2 O 5 were applied during planting. The seed rate used was 85 kg/ha.
Data collection
Data on plant height, number of tillers/plant, number of spikes/m 2 , number of spikelets/spike, and number of kernels/spike were recorded from 10 randomly taken plants from each plot, and the average values were used for subsequent statistical analysis. Days to heading, days to maturity, 1000-kernel weight (TKW), and grain yield/m 2 were determined on a whole-plot basis. The grain-filling period was calculated as the difference between days to maturity and days to heading.
Data analysis
The combined analyses of variance (ANOVA) for the measured traits were performed using the GENES statistical software (Cruz, 2013) . The phenotypic correlation coefficient was calculated using the mean data of the measured traits over locations. The correlation coefficient and standardized regression coefficient among the dependent and independent variable were determined using the STATISTICA 7 software (StatSoft Inc., 2004) .
Path coefficient analyses
The path analysis of grain yield and yield components was performed considering the sequential ontogenetic plant development as described by Zadoks et al. (1974) and elaborated by Kozak and Azevedo (2011) .
The sequential path analysis model was determined based on the cereal growth scale described by Zadoks et al. (1974) . Therefore, the yield components were classified as first, second, and third order on the path analysis model on the basis of the cereal growth scale (Zadoks et al., 1974) considering sequential yield component development because the yield components that develop in the early stage of plant development only affect the yield components that developed in the later stage but not the reverse.
The path analysis (direct effect) for each dependent variable was conducted as hierarchical (sequential) multiple regression for each variable in the path model ( Figure  1 ). For each variable, the multiple regression was performed by taking only the variables that have a direct effect on the dependent variable. Throughout the path model, the yield components that directly influence the dependent variable were included as regressors as described by Dofing and Knight (1992) and Kozak and Azevedo (2011) . The beta weight from the multiple regressions is used as path coefficient P ij , where i indicates the effect and j indicates the cause. P 2 ij
showed the proportion of the total variance that is caused by the causal variable.
The following equations are used in regression analysis to estimate the path coefficient. The equations are derived from the path model of Figure 1 .
In these equations, X 1 is spike/m 2 , X 2 is kernel number/spike, X 3 is TKW, X 4 is tillers/ spike, X 5 spikelets/spike, X 6 is days to heading, X 7 is grain-filling period, X 8 is plant height, and Y is grain yield/m 2 . The indirect effect of the independent variable on the dependent variable was calculated by multiplying all path coefficients found between the independent and the dependent variable along the path model. The indirect and the total effect (direct + indirect effect) of each variable upon other variables was estimated suing path.sas code (SAS Institute Inc., 2002) developed by Wuensch (2012) .
RESULTS
ANOVA of measured traits showed significant differences among genotypes for all measured traits at P < 0.01 (Table 1 ). The correlation coefficient was estimated using the mean data over locations. The Pearson correlation that was estimated from the mean data of the measured traits over locations was used as the base for path analysis. 
Correlation analysis
The correlation coefficient between grain yield/m 2 and other agronomic traits was presented in Table 2 . The result showed that days to heading had a significant negative correlation with grainfilling period, TKW, and grain yield/m 2 , but it has a positive correlation with plant height ( Grain yield/m 2 has a significant positive correlation with grain-filling period (r = 0.56), spike/m 2 (r = 0.29), and TKW (r = 0.49), which showed that these yield components positively affect grain yield in barley. In contrast, days to heading and plant height affect grain yield negatively. Among the principal yield components, spike/m 2 has a positive association with TKW and a negative association with kernel number/spike. Significant negative correlations were observed between spike/m 2 with kernel number/spike (r = -0.81) and TKW with kernel number/spike (r = -0.65). Table 2 . Pearson correlation coefficient among grain yield and yield-related traits.
*significant at 5%; **significant at 1%.
Path analysis of grain yield/m 2
The path analysis of grain yield on principal yield components (spike/m 2 , kernel number/spike, and TKW) showed that spike/m 2 , kernel number/spike, and TKW have positive direct effects on grain yield (Table 3 ). The highest direct effect was exerted by kernel number/ spike (1.63), which was followed by spike/m 2 (1.14). The total effect of the yield components including the direct and the indirect effects via other yield components showed that kernel/ spike and TKW have a significant positive total effect on grain yield, which demonstrated that these traits can be used as selection criteria to improve grain yield in barley. Table 3 . Path coefficient analysis of grain yield/m 2 of 100 barley genotypes grown in Asasa and Ambo, Ethiopia.
T.A. Setotaw et al.
The path analysis of grain yield and principal yield components showed that spike/ m 2 , kernel/spike, and TKW best explain the total variation of grain yield with R 2 = 0.908 (Table 3 ). This indicates that the path analysis model used in this study to explain the variability of grain yield/m 2 fit well and explained the proposed hypothesis. The analysis of indirect effects of yield components on grain yield/m 2 showed that spike/m 2 exerts a significant negative indirect effect via kernel weight (Table 3) . Kernel number/spike has a strong negative effect (-0.811) on grain yield via kernel weight. Even with negative indirect effects, the total effect on grain yield is positive (0.819), indicating that the net effect is positive because of the high direct effect.
Path analysis of principal yield components
In this study spike/m 2 , kernel number/spike, and TKW were considered as principal yield components (Figure 1 ) because they affect grain yield directly in the path model. Principal yield components are defined as the yield components that affect grain yield directly or at the first order in the path model. Tiller/plant and days to heading were considered the last-order components in the path model (Figure 1 ). These two traits affected spike/m 2 in the path model, and tiller/plant produced a direct positive effect (0.596; Table 4 ). Tiller/plant has a positive direct and total effect on spike/m 2 and can be used as a selection criterion to increase the number of spike/m 2 ( Table 5 ). The spike/m 2 has a negative direct (-0.808) and total effect (-0.821) on kernel number/spike (Table 4) . Spikelets/spike exerted a positive direct effect (0.982) and total effect (0.969) on kernel/spike. TKW was affected negatively by spike/m 2 (-0.31), but it has a total positive effect (0.376), which suggested that the negative direct effect is compensated by the positive indirect effect. The highest negative effect on TKW was exerted by kernel number/spike (Table 4) .
Path analysis among other agronomic traits
The total (the direct + the indirect effect) and indirect effects among yield components are presented in Tables 5 and 6 , respectively. Among the yield components, the negative direct effect was exerted by days to heading on grain-filling period. The same trait exerted a positive direct effect on plant height (0.681; Table 5 ). Plant height also had a negative direct effect on grain-filling period.
The path analysis of secondary yield components (spikelets/spike, grain-filling period, and plant height) in the path model showed that plant height and spikelets/spike affected negatively the grain-filling period. Plant height and days to heading exerted negative direct effects on grain-filling period. This showed that these secondary yield components negatively affect grain-filling period and consequently grain yield via grain-filling period. Days to heading positively affected plant height, indicating that the long vegetative period resulted in tall plants.
The indirect effect analysis among yield components showed that days to heading had a negative indirect effect on grain-filling period via plant height (-0.284; Table 6 ). Tiller/plant had a significant negative effect on spikelets/spike and a positive effect on kernel number/ spike. Table 4 . Path coefficient analysis of principal yield components (Spike/m 2 , kernel number/spike 1 , and 1000-kernel weight) of 100 barley genotypes grown in Asasa and Ambo, Ethiopia.
DISCUSSION
ANOVA showed the existence of ample genetic variability among the evaluated genotypes of barley that can be explored in future breeding programs to develop new cultivars that are suitable for the early production system of the country. This genetic variability is observed in all measured traits among genotypes. Setotaw et al. (2010) also reported high genetic variability among barley accessions from Ethiopia for different agronomic traits including grain yield. To explore this genetic variability, employing correlation coefficient and path analysis to understand the relationship between grain yield and yield components, will be crucial.
According to our study, grain yield was positively related to grain-filling period and spike/m 2 . Positive and significant associations between grain yield/m 2 and spike/m 2 were also reported by Dofing and Knight (1992) and Deniz et al. (2009) . The positive association between grain-filling period and grain yield can be explained by the observation that a long period of sink formation results in a large seed size and consequently increased grain yield. The study also indicated that the long vegetative period has a negative significant effect on grain yield because the plant requires more water to maintain it, consequently reducing the grain-filling period and exposing the plant to the terminal stress period of the season that frequently occurred during the growing season in the region. The negative association between days to heading and grain yield was also reported by Deniz et al. (2009) for barley. Our study also showed that selecting tall plants can reduce grain yield significantly because this trait caused a high lodging percent and consequently reduced kernel weight and the number of fertile spike/m 2 .
Even if association studies among grain yield and yield-related traits provide some clue to explain how grain yield and other agronomic traits are interrelated, it should not be used alone as a tool for developing selection criteria because of the complex nature of the associations. Therefore, it is important to employ path analysis to understand clearly the interrelationship among yield components and grain yield. In this study, the path coefficient analysis was performed on the basis of the cereal ontogenetic plant development, as described by Zadoks et al. (1974) . In plant development, only traits that develop early can affect those that develop in the later stage; the reverse is not true. The ontogenetic approach of path analysis for developing selection criteria to improve grain yield was reported by Dofing and Knight (1992) and Deniz et al. (2009) in barley, Donaldson et al. (2001) in winter wheat, Maman et al. (2004) in sorghum, and García del Moral et al. (2003) in durum wheat.
As described and elaborated by Wright (1934) and Li (1976) , path analysis should be employed to test the goodness fit of the path analysis model that was developed based on past research and not to infer the best model, as it was used by Mohammadi et al. (2003) and Maleki et al. (2011) . These two authors used sequential path analysis to infer the best model based on the percentage of variance that was explained by the independent variable (yield-related traits) on grain yield and not on ontogenetic plant development. In our study, the path coefficient analysis of grain yield was performed based on an ontogenetic path model and showed that spike/m 2 , kernel number/spike, and kernel weight had positive direct effects on grain yield, which agreed with the result that was reported by Dofing and Knight (1992) . Deniz et al. (2009) also reported that spike/m 2 had a positive direct effect on grain yield in barley. Spike/m 2 and kernel number/spike exerted negative indirect effects on grain yield via kernel weight, but their total effect (direct + indirect effect) is positive and significant, which showed that these traits can be used as selection criteria to improve grain yield in barley in an early production system. The path analysis based on the ontogenetic approach showed that kernel weight has a direct positive effect on grain yield but not indirect effect because kernel weight is the last trait that is developed in the late stage of plant development; this differs from the conventional path analysis method (Dewey and Lu, 1959) . The study showed that spike/m 2 and TKW can be used as selection criteria because these traits have a significant positive direct effect and positive correlation with grain yield. Similar results were also reported by Dofing and Knight (1992) . García del Moral et al. (2003) also reported the positive direct effect of spike/m 2 on grain yield in durum wheat that can be used as a selection criterion.
The path analysis of the principal yield components showed the positive direct effect of tiller/plant on spike/m 2 . The negative direct effect and indirect effect of spike/m 2 on kernel number/spike showed the importance of balance during selection for these traits, even if spike/ m 2 has a positive total effect on kernel weight, the principal yield component. To increase the kernel weight, selection can be done to favor spike/m 2 and grain-filling period by maintaining kernel number/spike at a reasonable number.
Our study showed that the ontogenetic path analysis is more efficient in determining the direct and indirect effects to develop appropriate selection criteria to improve grain yield in barley in an early production system. Spike/m 2 , kernel weight, and grain-filling period can be used as selection criteria in this region to improve productivity in barley. As presented by Dofing and Knight (1992) and García del Moral et al. (2003) , the ontogenetic approach to determine the path analysis model is appropriate and explains the biological system of plant growth. Even if the indirect effect estimation used here is different from that used by García del Moral et al. (2003) , the hypothesis is identical. In our study, indirect effect estimation was performed by multiplying the path coefficient along the path diagram model, which was used by Deniz et al. (2009) . In contrast, García del Moral et al. (2003) employed the traditional estimation method that was used by Dewey and Lu (1959) .
This study showed that the ontogenetic path analysis model best explained grain yield in barley. In addition, this model makes the interpretation more straightforward than that of the conventional path analysis method. Developing the path model using the sequential regression analysis without considering the biological plant growth stage can produce the wrong conclusion. In our study, to improve grain yield in an early production system can be done by selecting plants of average plant height with high TKW, spike/m 2 , and kernel number/spike and selecting against a long vegetative period.
